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Majorana neutrinos in the seesaw model can have sizable mixings through which
they can be produced at the Large Hadron Collider (LHC) and show a remarkable
Lepton Number Violating (LNV) signature. In this article we study the LNV decay
of the W boson via two almost degenerate heavy on-shell Majorana neutrinosNj , into
three charged leptons and a light neutrino. We consider the scenario where the heavy
neutrino masses are within 1 GeV ≤ MN ≤ 10 GeV. We evaluated the possibility
to measure a LNV oscillation process in such a scenario, namely, the modulation of
the quantity dΓ/dL for the process at the LHC where W± → µ±N → µ±τ±W∓∗
→ µ±τ±e∓νe. L is the distance within the detector between the two vertices of
the process. We found out some realistic conditions under which such a modulation
could be probed at the LHC.
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2I. INTRODUCTION
The experimental results on the neutrino oscillation phenomena [1–6] and the flavor
mixing have established the existence of the neutrino mass and flavor mixings which are the
missing pieces in the Standard Model (SM). As a result the SM needs to be extended. The
seesaw extension of the Standard Model (SM) is probably the simplest idea to explain a very
small neutrino mass where SM-singlet right handed heavy Majorana (NβR) neutrinos induce
dimension-5 [7] operators leading to a very small light Majorana neutrino mass [8–14]. NβR
couples with the SM lepton doublets (`αβ) and the SM Higgs doublet (H). The relevant
part of the Lagrangian is L = −yαβD `αLHNβR − 12mαβN NC
α
R N
β
R + H.c. After the electroweak
symmetry breaking by the vacuum expectation value, HT =
(
v√
2
, 0
)
the Dirac mass matrix
can be obtained as mD =
yDv√
2
hence the neutrino mass matrix can be written as
mν =
 0 mD
mTD mN
 . (1)
Diagonalizing the neutrino mass matrix we get the light Majorana neutrino mass eigen-
value as mν ' −MDM−1N MTD. The right handed neutrinos mix with the SM light neutrinos
to interact with the SM weak gauge bosons. The variation of the seesaw scale can be possi-
ble from the intermediate scale to the electroweak scale as the Dirac Yukawa coupling (YD)
varies from the top quark Yukawa coupling (Yt ∼ 1) to the scale of the electron Yukawa
coupling (Ye ∼ 10−6) [15–19]. Since the heavy neutrinos are the SM-singlet candidates, they
obtain the couplings with the weak gauge bosons only through the mixing via YD, making
it possible to study the production of such heavy neutrinos at the collider experiments. His-
torically there are a variety of search strategies of the heavy neutrinos at different existing
and future facilities like the LHC, Linear Collider (LC), Large Hadron Electron Collider
(LHeC) [20–31], tau and meson factories where the bounds on the heavy neutrino mass and
the mixing with the light species have been shown [32–41]. Due to the Majorana nature of
the heavy neutrinos we can obtain a pair of like sign leptons in the final state where the
one lepton is produced in association with the heavy neutrino and the other one comes from
the leading decay mode of the heavy neutrino into a lepton and a W boson. Such a LNV
signature is very distinctive for the heavy neutrinos. In addition to that, CP violation in
the neutrino sector is also a crucial point for the leptogenesis, see [42] for review.
In a previous article [43] we have studied the W boson decay into an LNV channel via
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FIG. 1. Heavy neutrino production in the charged Drell-Yan channel. Left Panel: Feynman
diagrams for the LNV process W+ → `+1 `+2 `
′−ν¯`′ . Right Panel: Feynman diagrams for the LNV
process W− → `−1 `−2 `
′+ν`′
two almost degenerate heavy on-shell Majorana neutrinos which oscillate among themselves.
The final state consisted of three charged leptons and a light neutrino. The third lepton
and the neutrino are coming from the leptonic decay of the W boson produced from the
leading decay mode of the heavy neutrino (N → W`). We have found that due to a small
mass difference (∆MN ∼ ΓN) between the heavy neutrino states the oscillation effects can
be present in the decay. In the current article we focus on the scenario with at least two
heavy neutrinos with MN ≤ 15 GeV to study in detail the effect of the oscillation. We study
the effect in the LHC environment considering the quarks in the initial states.
The article is arranged in the following way. In Sec. II we study the production of
the heavy neutrino in the LHC. In Sec. III we simulate the events of the heavy neutrino
production at the LHC to study the kinematical parameters. In Sec. IV we discuss the
results and present conclusions.
II. PRODUCTION OF THE RHN
As we stated in our previous article [43], we are interested in studying the LNV processes
which are described by the Feynman diagrams in Fig. 1. From now on, we will consider the
case when `1 = µ, `2 = τ and `
′
= e (me ≈ 0), the heavy neutrinos N1 and N2 are almost
degenerate and mass difference (|∆MN | = MN2−MN1) is in the range ΓN ≤ |∆MN | ≤ 15 ΓN .
The relevant equations for such processes were presented in [43, 44] and the obtained L-
dependent effective differential decay width considering heavy neutrinos oscillations was
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FIG. 2. Effective mixing coefficients NMa`j for Majorana neutrinos. Figure taken from [36].
[43]1
d
dL
Γ(W±) =
1
γN βN
exp
[
− L ΓMa(MN )
γN βN
]
Γ˜
(
W+ → `+1 N
)
Γ˜
(
N → `+2 e−ν¯
)
×
(
2∑
i=1
|BµNi |2|BτNi |2 + 2|BµN1 ||BτN1 ||BµN2 ||BτN2 | cos
(
2pi
L
Losc
± θLV
))
. (2)
Here, the angle θLV stands for the CP-violating phase, ΓN = (1/2)(ΓN1+ΓN2) is the (average
of the) total decay width of the intermediate Majorana neutrino and Losc = (2piβNγN)/∆MN
with ∆MN = MN2 − MN1 ≡ Y ΓN , where Y is a parameter which measures the mass
difference in terms of ΓN . Then ΓMa(MNi) can be written as
ΓMa(MNi) ≡ ΓNi ≈ KMai
G2FM
5
Ni
96pi3
(3)
with
KMai = NMaei |BeNi |2 +NMaµi |BµNi |2 +NMaτi |BτNi |2, (4)
where NMa`i are the effective mixing coefficients which account for all possible decay channels
of Ni and are presented in Fig. 2 for our mass range of interest (NMa`i ∼ 1-10). We notice
that, the mixings B`N1 and B`N2 can be, in principle, different for the two neutrinos, and
therefore the two mixing factors KMai (i = 1, 2) may differ significantly from each other.
1 In Ref. [44] this expression was obtained in the approximation when L (γNβN )/ΓMa(MN ).
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FIG. 3. The direction of the momentum of the produced N in the W -rest frame (Σ′), pˆ′N . The
direction βˆW of the velocity of W in the lab frame defines the zˆ
′-axis; θN is the angle between βˆW
and pˆ′N .
However, from now on we will assume that KMa1 ≈ KMa2 (≡ K). For the heavy neutrino mass
range study in this work we will assume |BµNi |2 ≈ |BτNi |2 = 10−6 (≡ |B`N |2), |BeNi |2 = 0,
and NMaµi + NMaτi ≈ 20; therefore, K = 20 |B`N |2. Therefore, both heavy neutrinos are
considered to have the same total decay width (note also that their masses are almost equal,
MNi = MN)
ΓMa(MNi) ≡ ΓN(MN) = 20|B`N |2
G2FM
5
N
96pi3
, (5)
In Ref. [43] we considered that the kinematical parameters (velocity βN and Lorentz factor
γN) of the produced Nj’s in the laboratory frame (Σ) are fixed, usually βNγN = 2. However,
the product βNγN is in general not fixed, because W is moving in the lab frame when it
decays into N and `1. This factor is then written as
βNγN =
√
(EN(pˆ′N)/MN)2 − 1, (6)
where the energy of neutrino N in the lab frame, EN , depends on its direction pˆ
′
N in the
W -rest frame (Σ′). The relation between EN and the angle θN (↔ pˆ′N , cf. Fig. 3) is
EN = γW (E
′
N + cos θNβW |~p′N |), (7)
where the corresponding quantities in the W -rest frame (Σ′) are fixed
E ′N =
M2W +M
2
N −M2`1
2MW
, |~p′N | =
1
2
MWλ
1/2
(
1,
M2`1
M2W
,
M2N
M2W
)
, (8)
6βW is the velocity of W in the lab frame, and λ is the usual phase space function. Therefore,
the formulas for the oscillation decay widths of heavy neutrinos must be written in differential
form and integrated over the directions of heavy neutrino in the W -rest frame [43]
d
dL
ΓoscLV (W
±) =
∫
dΩpˆ′N
1
[(EN(pˆ′N)/MN)2 − 1]1/2
exp
[
− L ΓN(MN)
[(EN(pˆ′N)/MN)2 − 1]1/2
]
dΓ˜
(
W+ → `+1 N
)
dΩpˆ′N
Γ˜
(
N → `+2 e−ν¯
)
×
(
2∑
i=1
|BµNi |2|BτNi |2 + 2|BµN1||BτN1||BµN2 ||BτN2| cos
(
2pi
L
Losc(pˆ′N)
± θLV
))
,
(9)
where now the oscillation length Losc, appearing in the last term, also depends on the
direction pˆ′N
Losc(pˆ
′
N) =
2piβNγN
MN
=
2pi
M2N
|~pN(pˆ′N)| =
2pi
MN
[
(EN(pˆ
′
N)/MN)
2 − 1]1/2 . (10)
When we integrate the expression in Eq. 2 over dL up to the length L, we obtain
ΓoscLV (W
±) =
∫
dΩpˆ′N
dΓ˜
(
W+ → µ+N)
dΩpˆ′N
Γ˜
(
N → τ+e−ν¯e
)
ΓN (MN )
{(
1− exp
[
− LΓN (MN )[
(EN (pˆ′N )/MN )2 − 1
]1/2
])
×
2∑
i=1
|BµNi |2|BτNi |2 +
2
y2
|BµN1 ||BτN1 ||BµN2 ||BτN2 |(
cos(θLV )∓ y sin(θLV ) + exp
[
− LΓN (MN )[
(EN (pˆ′N )/MN )2 − 1
]1/2
]
×
[
y sin
(
2pi
L
Losc(pˆ′N )
± θLV
)
− cos
(
2pi
L
Losc(pˆ′N )
± θLV
)])}
. (11)
In Eq. 11, the relative corrections O(1/y2) were neglected. The expressions in Eqs. 2 and 11
get somewhat simplified when, in the differential decay width factor dΓ˜(W+ → µ+N)/dΩpˆ′N ,
we perform average over the initial polarizations of W and sum over the helicities of µ+ and
N . Namely, in such a case this differential decay width is constant (independent of the
direction pˆ′N)
dΓ˜(W+ → µ+N)
dΩpˆ′N
=
1
4pi
Γ˜(W+ → µ+N) (12a)
=
1
48pi2
GFM
3
W√
2
[
2− (xN + xµ)− (xN − xµ)2
]
λ1/2(1, xN , xµ), (12b)
where xN = M
2
N/M
2
W and xµ = m
2
µ/M
2
W . The dependence on the direction pˆ
′
N in the
expressions in Eqs. 2 and 11 is then only the dependence on θN , (cf. Eqs. 7 and 8); the
integration dΩpˆ′N then reduces to 2pid cos θN .
7Furthermore, for the correct evaluation of the quantities in Eq. 2 and 11, we need to
make a weighted average over various velocities βW (or 3-momenta |~pW |) of the on-shell
W in the lab frame; i.e., we need information about the |~pW |-distribution of the produced
W ’s in the lab frame of LHC. On the other hand, we use the expression of the decay width
Γ˜(N → τ+e−ν¯e) from Ref. [43], i.e., the expression in which the structure of the off-shell
W−∗ propagator is accounted in its full form (but not in the effective form), because in the
considered cases the mass MN can be comparable to the mass MW .
On the other hand, the CP violating phase (θLV ) can be extracted by means of the
difference between the L-dependent effective differential decay width for W+ and W−
d
dL
Γ(W+)− d
dL
Γ(W−) =
−1
γN βN
exp
[
− L ΓMa(MN )
γN βN
]
Γ˜
(
W+ → `+1 N
)
Γ˜
(
N → `+2 e−ν¯
)
× 4|BµN1 ||BτN1 ||BµN2 ||BτN2 | sin
(
2pi
L
Losc
)
sin
(
θLV
)
, (13)
where we used, for simplicity, the schematic formula Eq. 2 instead of Eq. 9. In addition, in
Eq. (13) it was assumed (approximated) that γNβN is the same for processes involving W
+
and W−.
III. HEAVY NEUTRINO SIMULATIONS AND RESULTS
In order to test the feasibility to measure the heavy neutrino oscillation, described by
Eq. 9, we need to get the correct distribution of γNβN = |~pN |/MN in which the heavy
neutrino was produced. To obtain a realistic distribution of the γNβN factor, we simulate
the heavy neutrino production via charged current Drell-Yan process shown in Fig. 1, using
MadGraph5 aMC@NLO [47] for W+ and W− individually, for LHC with
√
s = 13 TeV.
The W+ and W− show a significant difference in the distribution of γNβN which has been
shown in the left panel of Fig. 4. The Universal FeynRules Output (UFO) [48] files were
generated using the FeynRules libraries [49]. The simulation accounts for the distribution
of βW and θN (cf. Eqs. 6 and 7).
It is important to point out that for masses MN > 15 GeV the heavy neutrinos (N) tend
to decay in a very short distance . 1 mm (Fig. 4 right-panel), not offering good chances
to observe the modulation of heavy neutrino oscillations. On the other hand, for masses
MN < 5 GeV (Fig. 4 left-panel) γNβN is very large, the factor 1/(γNβN) appearing in the
exponential in (Eqs. 2 and 9) is small and strongly suppresses the considered modulation
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FIG. 4. Left Panel: Average heavy neutrino γNβN (= |~pN |/MN ) factor. Here we have taken
|B`N | = 10−6. Right Panel: Average heavy neutrino decay length λN (= γNβN/ΓN ).
quantity dΓ/dL. Therefore, in order to select the events for feasible measurement of the
modulation of dΓ/dL at the LHC detectors [51, 52], we require that the rapidity of the heavy
neutrino (N) satisfies |yN | < 1, i.e., γNβN is small2. The quantity γNβN = |~pN(pˆ′N)|/MN
is now treated as a random variable which is used to re-evaluate Eq. 2 several times (i.e.,
Eq. 9) in steps of L and for different choices of MN and θLV . The re-evaluation is done
10,000 times in each step of L, for fixed MN and θLV , the average of all those values is
used as the new expected value for dΓ/dL. The phase-space where the measurement can be
performed and the resolution of the detector (see Ref. [50]) are taken into account during the
re-evaluation process. The comparison between dΓ/dL when we used a fixed (and average)
value of γNβN , and dΓ/dL re-evaluated when using the random sampling of γNβN from the
simulation as aforementioned is shown in Fig. 5. Figs. 6 and 7 show the results of evaluating
Eq. 2 with variable values of γNβN , as previously explained, for different choices of MN ,
θLV and Y (≡ ∆MN/ΓN). We point out that the distribution of γNβN associated with W+
decays is not the same as the one obtained with W− decays, despite the severe cut |yN | < 1
that we apply (cf. also Fig. 4 left panel for the full averaged values); this fact causes a
significant difference between the results with W+ and those with W−.
According to previous calculations of the expected cross section, and taking into account
the luminosity collected at the LHC during the Run-II and the luminosity expected for the
2 Rapidity yN is defined as: γNβN = sinh yN . Events with |yN |  1 are not realistic because the acceptance
of detectors has a limit at |yN | ≈ 2.
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future High Luminosity LHC (HL-LHC) [53], the corresponding number of events could be
in tens of thousands [54, 55]. We simulate the considered process for a benchmark of 100 and
1000 observed events, considering a detector resolution of the position of the secondary vertex
equal to 0.3 mm [50] modeled with a gaussian distribution. We point out that the scenario
considered in Fig. 8 represents the worst possible for the measurement of the modulation
and the CP phase θLV . If the number of events in the simulation is further increased, and
the resolution of the vertex is taken to be zero mm, the results of Fig. 8 (right panel) will
coincide with the curves (“This theory”) and with the corresponding results of Fig. 7 (right
panel).
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Similar results are obtained for the oscillation effects in the lepton number conserving
(LNC) case (µ±τ∓) with the replacements θLV 7→ θLC , cf. Ref. [44]. In the case of Dirac
neutrino (N) the total decay width ΓN has by about 40% lower values of the mixing co-
efficients N`N in Eq. 3 (cf. Fig. 2 in Ref. [34]). LNC type of rare processes may be more
difficult to identify experimentally due to a possibility of the larger backgrounds.
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IV. DISCUSSION OF THE RESULTS AND SUMMARY
In this work we have considered the oscillation modulation of dΓ/dL, for the LNV process
W± → µ±N → µ±τ±W∓∗ → µ±τ±e∓νe at the LHC, in the scenario of two almost degen-
erate (on-shell) Majorana neutrinos (Nj). We found out that, for the measurement of the
modulation of dΓ/dL, the heavy neutrino mass MN should be neither very high (> 15 GeV)
nor low (< 5 GeV). This is so because, for our purposes, the heavy neutrinos (N) should
neither decay at a too short distance (. 1 mm) nor should the exponential factor in dΓ/dL
lead to a too strong suppression of this quantity.
In addition, we have observed that the simulation of the production of on-shell heavy neu-
trinos N in LHC gave a different distribution of the values of the heavy neutrino kinematic
quantity γNβN in the case of W
+ and W−, because of different 3-momenta distributions of
the produced W+ and W−. As a consequence, also the averages 〈γNβN〉 are different in the
two cases (cf. Fig. 4). When this distribution of γNβN was taken into account, and in addi-
tion we used the rapidity cut yN < 1 (γNβN ≡ sinh yN) to avoid a too strong suppression of
dΓ/dL, we found out that the modulation is significantly smeared by the fact that we have
a distribution of (small) values of γNβN and not a fixed (average) value (cf. Fig. 5).
We have also calculated the behavior of dΓ/dL for W+ and W− cases and for various
values of the parameters: MN = 5 GeV and 10 GeV; Y ≡ ∆MN/ΓN = 5 and 10; and
the CP phase θLV = pi/2, pi/4. The number of events was assumed to be (almost) infinite
and the vertex resolution was considered ideal (0 mm), cf. Figs. 6 and 7. The form of the
modulation of dΓ/dL turned out to have a strong dependence on the value of the CP-phase
θLV , which indicates a possibility to extract the value of θLV from measurements of such
modulations. The dependence on the parameter Y ≡ ∆MN/ΓN was also significant. When
MN = 5 GeV and θLV = pi/2, we observed from Fig. 6 (left panel) that for W
+ decays
inside the region 0 ≤ L ≤ 190 mm the number of expected events is bigger for Y = 5 than
Y = 10; and inside 190 ≤ L ≤ 250 mm the opposite is true. On the other hand, when
MN = 5 GeV and θLV = pi/4, we observed from Fig. 6 (right panel) that for W
+ decays
inside the entire region 0 ≤ L ≤ 250 mm the number of expected events is bigger for Y = 5
than Y = 10. For the W− decays the comparisons change significantly: when MN = 5 GeV
and θLV = pi/2, for W
− decays inside the region 0 ≤ L ≤ 190 mm the number of expected
events is bigger for Y = 10 than Y = 5; and inside 190 ≤ L ≤ 250 mm the opposite is true;
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when MN = 5 GeV and θLV = pi/4, only inside the region 0 ≤ L ≤ 90 mm is the number
of expected event bigger for Y = 10 than Y = 5, and for 90 ≤ L ≤ 250 mm the opposite
is true. When the heavy neutrino mass is higher, MN = 10 GeV, it turned out that the
modulation of dΓ/dL practically vanishes for L > 20 mm, cf. Fig. 7 where left (right) panel
represents θLV =
pi
2
(pi
4
); on the other hand, for L < 10 mm the modulations turned out to
be strong.
In conclusion, in Fig. 8 the results were presented (at MN = 10 GeV; Y = 10 and
θLV = pi/4) for a more realistic case, i.e., when the total number of the detected LNV
events is finite, either 100 (left panel) or 1000 (right panel). In addition, the resolution
of the secondary vertex position was taken to be nonzero, e. g., 0.3 mm. In the case of
100 simulated events, the modulation with enough statistical significance was observed for
distances up to L = 6 mm; whereas in the case of 1000 simulated events, the observable
modulation increased up to L = 12 mm.
Finally, in this work we considered the scenario of two heavy almost degenerate neutrinos
(Nj) with masses within 1 GeV ≤ MN ≤ 10 GeV. We have evaluated the possibility to
measure an LNV oscillation process in such a scenario where the modulation of the quantity
dΓ/dL for the process W± → µ±N → µ±τ±W∓∗ → µ±τ±e∓νe at the LHC can be measured
within the detector. Here L is the distance (within the detector) between the two vertices
of the process. We have found out some realistic conditions where |BµN |2 ∼ |BτN |2 ∼ 10−6,
MN ≈ 5 GeV−10 GeV and Y (≡ ∆MN/ΓN) ∼ 10. To measure such a process, we also
pointed out the importance of the application of the rapidity cuts, yN < 1.
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